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Ni	mixtures,	Ni	 concentrations	of	20,	40,	 and	80 μg/L	were	 found	 to	 strongly	protect	D.	magna	 from	Cd	 toxicity	 at	 the	 survival	 and	growth	 endpoints,	 resulting	 in	 less-than-additive	 effects,	 but	not	 on	 the	 reproductive
endpoint.	At	higher	concentrations,	Ni	exceeded	the	necessary	concentration	needed	to	protect	D.	magna,	and	appeared	 to	contribute	 to	 the	 toxicity.	Overall,	 the	results	of	metal	uptake	support	 the	competitive	binding
mechanism	at	the	biotic	ligand	and	explain	the	less-than-additive	effects	observed	in	the	Cd
Ni	mixtures	concentration.	The	embryonic	effects	of	Cd






Different	 types	 of	 metal	 mixture	 effects	 and	 many	 inconsistencies	 have	 been	 reported	 among	metal	 mixture	 toxicity	 studies.	 Researchers	 have	 reported	 nonadditive	 (interactive)	 and	 additive	 (noninteractive)	 effects	 in























Ni	mixtures	were	 spiked	with	 a	 constant	 nominal	 Cd	 concentration	 of	 1.5 μg/L	 and	 titrated	 against	 a	 series	 of	 increasing	Ni	 concentrations	 of	 20,	 40,	 80,	 100,	 120,	 140,	 and	 160 μg/L.	However,	 to	 accurately	 interpret	mixture
effects,	a	concurrent	control	consisting	of	MHW,	a	Cd	alone	treatment	containing	only	Cd,	and	a	Ni	alone	test	consisting	of	the	same	Ni	concentration	series	as	those	used	in	the	Cd
Ni	mixtures	were	also	tested.	Overall,	the	study	was	comprised	of	2	toxicity	tests	(Ni	alone,	and	Cd








maturity.	 Therefore,	 as	 the	 organisms	 aged,	 increasingly	 variable	 amounts	 of	R.	 subcapitata	 at	 a	 concentration	 of	 3 × 107 cells/mL	 and	 YCT	 of	 concentration	 1.7–1.9 mg	 solids/L	were	 fed	 to	 them	 (Table	 1,	 Supplemental	 Data).	 This
adjustment	of	the	feeding	rate	also	helped	reducee	the	growth	of	unconsumed	algae.
Mortality	was	recorded	daily	for	both	tests	(Ni	alone	and	Cd












































The	average	and	 standard	deviation	 for	 temperature,	DO,	pH,	hardness,	 and	alkalinity	 in	 the	Ni	alone	 test	were	25.4 ± 0.30 °C	(n = 26),	7.4 ± 0.50 mg/L	(n = 26),	 7.8 ± 0.24	 (n = 26),	 90.8 ± 5.81 mg/L	 as	CaCO3	 (n = 12),	 and
62.3 ± 3.93 mg/L	as	CaCO3	(n = 12),	respectively.	For	the	Cd






















































Ni	 mixtures	 were	 found	 to	 contain	 a	 significantly	 higher	 number	 of	 live	 neonates	 when	 compared	 to	 Cd	 alone	 (Fig.	 2III).	 This	 suggested	 that	 Ni	 protective	 effects	 were	 not	 apparent,	 or	 possibly	 completely	 absent	 when	 only	 live	 neonates	 were
considered	in	analysis.	In	addition,	at	20	and	40 μg/L	Ni	alone,	the	total	number	of	live	neonates	did	not	significantly	differ	from	the	control	(Fig.	2III).	The	effect	in	the	total	number	of	live	neonate	observed	in	those	Cd
Ni	mixtures	was	mostly	due	to	Cd	exposure.	Similarly,	the	results	obtained	for	the	overall	reproductive	rate	(Fig.	3I),	and	the	live	neonate	reproductive	rate	(Fig.	3II)	showed	that	none	of	the	Cd





Ni	mixtures	 (Fig.	3I	and	3II).	The	overall	 and	 live	neonate	 reproductive	 rates	of	Cd	alone	were	 significantly	 lower	 than	 those	of	 the	control.	 In	addition,	Ni	alone	 treatments	containing	20,	40,	100,	120,	and	160 μg/L	had	significantly	higher	overall
reproductive	rates	than	their	corresponding	Cd
































































surviving	daphnids,	 fitting	 the	 trend	of	 a	 linear	 function	 (Fig.	7).	 Subsequently,	 a	 gradual	 decrease	 in	Cd	 tissue	 concentrations	 followed,	 fitting	 the	 trend	of	 a	 linear	 function	 (Fig.	7).	 These	 results	 provide	 a	 strong	 evidence	 of	 a
competitive	accumulation	of	Ni	and	Cd.
The	results	obtained	from	tissue	analysis	of	the	surviving	daphnids	in	the	Cd
Ni	mixtures	 support	 the	 assumption	 that	metals	 compete	 for	 binding	 sites	 on	 the	biotic	 ligand.	The	organisms	exposed	 to	Cd	alone	accumulated	 significantly	more	Cd	 than	did	 the	 organisms	exposed	 to	 a	mixture	 of	Cd	and	Ni
(p < 0.05),	except	the	mixtures	containing	20	and	40 μg/L	Ni	(Fig.	7).	Only	the	daphnids	in	the	Cd













































to	produce	a	greater	number	of	 smaller	 sized	neonates	when	exposed	 to	Cd	at	 low	concentrations	 (i.e.,	≤5 μg/L)	(Bodar	et	 al.,	 1988b).	 Thus,	 the	question(s)	 of	whether	 a	 significant	portion	of	 accumulated	Se,	Cd,	Cu,	 or	Hg	was





















Ni	mixtures	 demonstrated	morphological	 deformities,	 such	 as	 the	mitotic	 shutdown	 of	 early	 or	 late	 cleavage	 (Fig.	 5B	 and	D),	 disruption	 of	 cellular	 differentiation	 and	 gastrulation	 (Fig.	 5F	 and	 J),	 or	 inhibition	 from	development
beyond	stage	5	(Fig.	5H);	unlike	control	embryos,	which	displayed	normal	cleavage	and	a	higher	degree	of	faithful	cellular	arrangement,	differentiation,	and	organization	(Fig.	5A,	C,	5E,	5G,	5I).
Our	results	further	showed	that	embryos	exposed	to	Cd	alone	only	underwent	early	cleavage	(8 cell	stage	to	morula)	(Fig.	5B),	while	embryos	exposed	to	the	Cd
Ni	mixtures	either	progressed	to	a	blastula	 (Fig.	5D),	underwent	gastrulation	(Fig.	5F	and	J),	or	developed	to	stage	5	 (Fig.	5H).	Although	some	embryos	were	able	 to	 form	a	blastula,	 the	blastomeres	were	somewhat	disorganized,
and	idly	arranged	into	a	splotch	of	cells	(Fig.	5F).	This	indicated	some	degree	of	protective	Ni	effects	against	Cd	toxicity.







Ni	 mixtures	 seem	 to	 behave	 both	 interactively	 and	 noninteractively	 in	 a	 concentration	 dependent	 manner,	 and	 at	 different	 endpoints	 of	 analysis.	 It	 is	 evident	 that	 studies	 examining	 metal	 mixtures	 need	 to	 examine	 multiple
endpoints	in	order	to	obtain	a	holistic	idea	of	the	interactive	or	noninteractive	toxicity	of	the	metals	in	question.	At	concentrations	that	were	higher	than	the	optimal	range	(>80 μg/L)	Ni	appeared	to	contribute	to	the	toxic	effects	of	Cd.
In	general,	when	water	Ni	concentration	increased,	body	Ni	concentration	increased	and	body	Cd	concentrations	decreased.	These	results	can	be	explained	by	a	competitive	binding	mechanism	at	the	BL	and	support	the	observed	toxic
effects.
Cadmium	affected	the	embryonic	development	of	D.	magna	even	in	the	presence	of	Ni,	except	at	concentrations	≥120 μg/L	Ni.	This	embryonic	effect	is	not	explained	by	the	competitive	binding	mechanism	at	the	BL,	where
metals	first	enter	the	organisms	from	the	environment.	Another	interactive	mechanism	of	cellular	metals	is	needed	to	explain	the	embryonic	impairment.	Similarly,	the	question	of	whether	breeding	adult	D.	magna	transfer	toxic	metals
to	their	offspring	as	a	means	of	detoxification	is	still	unanswered.	Additional	studies	are	warranted	to	address	these	questions.	Overall,	the	results	of	the	present	study	are	useful	for	the	development	of	improved	environmental	quality
guidelines	for	metal	mixtures.
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Highlights
• At	low	concentrations,	Ni	protected	Daphnia	magna	from	Cd	toxicity.
• At	high	concentrations,	Ni	contributed	to	the	toxicity	of	Cd.
• Protective	effect	of	Ni	was	not	clearly	observed	for	reproductive	endpoints.
• Cadmium	affected	embryotic	development	of	Daphnia	magna	but	Ni	did	not.
• Competitive	metal	uptake	between	Ni	and	Cd	by	Daphnia	magna	was	observed.
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